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ABSTRACT

Three multi-filter subsystems were designed, built, and tested; they
were found to give recovered water of the required quality. The
dehumidification water subsystem produced potable water from air-
conditioning condensate obtained from a space simulator. The washwater
subsystem and the fecal water subsystem both produced water sultable
for use as wash water.

The actual welghts of the multi-filter subsystems for a l-year mission
are:

Dehumidification Water Subsystem - 9.3 1b
Wash Water Subsystem - 100.1 1b
Pecal Water Subsystem - 28.9 1b
Storage racks for spare canisters - 6.9 1b

These weights are not minimum and could be reduced by further design
and development. The frequency of canister replacement, and hence
subsystem weights, are highly dependent on the composition of the waste
waters. Canister 1life can best be determined by test operation in a
manned space simulator.

Based on the amount of water remaining in the subsystems, the following
water recovery efficiencies were calculated:

Dehumidification Water Subsystem - 99.5%
Wash Water Subsystem - 99.0%
Fecal Water Subsystem - 96.0%
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1
INTRODUCTION

The Langley Research Center 1s currently engaged 1n research dealing
with 1life support systems for occupants of space stations. Speciallzed
water reclamation subsystems are required to adequately investigate
their use 1n space cabin simulators. Contract NAS1-2208 encompasses
the design study and fabrication of three such subsystems: dehumidifil-
cation water reclamation, wash water reclamation, and fecal water
reclamation. The first subsystem will supply potable water; the other
two subsystems will supply wash water.

The first phase of thls contract, the design study, was covered in
detall in the study report (Steele, et al, 1962). The major objective
of the study phase was to select the optimum process for water recovery
in each subsystem, A secondary objective was to predict the composi-
tion of the waste waters to be reclalmed, since thils information is
necessary for selecting the optimum recovery process.

The present report summarizes the findings of the design study and
covers the second phase of the contract; i.e., the detaliled design,
fabrication, and testing of the three subsystems.
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DESIGN REQUIREMENTS

Requlrements applicable to all of the subsystems are:

1.
2.

Mission time one year.

Satisfactory operation under the followlng environmental
conditions:

Total pressure 7 to 15 psila

Oxygen partilal pressure - 2.94 psia
Temperature - 70 to 80°F
Relative humidity - 40 to 60%

Satisfactory operation at any acceleration level from welght-
less conditions to 1 g.

Ability to withstand vibration and acceleration loads
imposed during launch of Saturn C-1 or C-5 vehicles,

The specific requlrements for each subsystem are:

1.

Humldity Reclamation Subsystem - Capacity of 7.5 1b water/day.

To supply potable water from water collected by Government-
furnished cabin alr dehumidifiers.

Wash Water Reclamation Subsystem - Capaclty of 12 1b water/day.

To regenerate water used for bathing into re-usable wash
water vlia a batch process,

Fecal Water Reclamation Subsystem - Capacity of 1 1b water/day.

To regenerate water obtalned from the distillation of feces
into re-usable wash water vla a batch process.




111
WASTE WATER COMPOSITION

3.1 GENERAL

Prior to undertaking the design calculations, 1t was necessary to con-
sider the composition of the waste waters to be reclaimed. Thils infor-
mation was especlally necessary for recovery processes; e.g., adsorption
and electrodialysis, the requirements of which, theoretically, vary
directly with solute concentration.

3.2 DEHUMIDIFICATION WATER

The water to be treated in this subsystem wilill be produced by the cabln
alr dehumidifiers. Broadly speaking, thls condensate 1s expected to be
relatively pure water. The exact nature and quantlty of contaminants
would be very difficult to predict, since they would depend on a number
of factors, such as:

1. Type of system used for oxygen supply and 002 removal.

2. Auxiliary equlpment used for removal of trace contaminants
in the cabin atmosphere.

3. Materials of constructlion used for the condensate colls,

4, Nature of palnts, coatings, insulation, etc. used in the
cabin and cablin equipment.

5. Nature of lubricants, greases, or other substances used to
operate cablin equipment.

6. Degree of contamination of cabin air from other subsystems;
e.g., feces collection or storage subsystem.

In spite of the above uncertainties, some useful data 1s avallable
from current submarine and space cabin simulator systems. Thils infor-
mation was summarized by Steele, et al (1962). It was concluded that
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the dehumldification water will contain the followlng maximum impurlty
levels:

Total sollds - 70 ppm
Total particulate matter - 25 ppm
Total dissolved solids - 45 ppm (approx. 1/2 organic and

1/2 inorganic)

This water should be potable except for the possible presence of
pathogenic micro-organisms and a slight odor. Actual analysis of a
sample of condensate from the Wright-Patterson Air Force Simulator 1s
given in Table 9-2 (first 1line).

3.3 WASH WATER

In order to select the proper recovery method for wash water, con-
sideration was gilven to 1ts possible composlition and the selection of
a sultable body cleansing material. A critical review of existing
literature was undertaken with these facts 1in mind (Steele, et al,
1962). ‘

Used wash water will contain:

1. Four pounds of water per man (neglecting evaporation losses).

2. Additions, such as benzalkonlium chloride (BAC), the cleanser
of choice (see page 3-3).

3. Secretions of skin; i.e., sweat and sebum.

4., Dirt and skin dust (hair, dead skin, etc.).
The following variables make it difficult to reach definitive con-
clusions as to the quantitative composition of dirty wash water.

1. Amount of residue on skin would vary depending on temperature,
humidity, and amount of dirt in environment.

2. Varilations due to activilty of subject.

3. Variations due to absorption by clothing.

3-2
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L, Varilations due to intervals between "baths" and method of
bathing; e.g., amount of rubbing.

5. Indlvidual variations between subjects.
6. Varilations due to diet and amount of water consumed.

It can be assumed, however, that ingredients generally present in
sweat wlll be present in wash water in lesser concentrations.

There are strong presumptlve arguments in favor of the use of benzal-
konlum chloride (BAC) as a cleansing agent for aerospace use.

The advantages of BAC are:
1. It has detergent properties (cationic detergent).
2. Rinsing 1s not necessary.
3. It has deodorant properties.
4, It is non-irritating.

5. 1ts germicidal ability will keep various filters, charcoal
beds, and ion exchange beds free from odors and microblal
action, thereby minimizing cabin contamination and simplifying
disposal of these i1tems. It also should be emphasized that
part of the wash water will be of fecal origin.

There 1s ample evlidence that BAC can be used wlithout introducing a
toxiclity hazard. A review of thls information was given previously
(Steele, et al, 1962).

Based in part on laboratory analyses, the composition of major con-
stituents in typical wash water was estimated to be that summarized
in Table 3-1. These values were used for calculating the lon exchange
resin and activated carbon requlirements for the multi-fllter system.

3-3
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TABLE 3-1
ESTIMATED COMPOSITION OF WASH WATER (MAJOR CONSTITUENTS)
g/4 1b
Soluble solids (does not include BAC) 1.0
Insoluble solids 1.8
Urea 0.180
Chloride 0. 44
BAC 1.82
lactic acid 0.138
Lipids 0.330

3.4 FECAL WATER

Water for the fecal water reclamation subsystem was to be obtailned,
originally, from a slurry of water and feces from which the solids

were to be removed by a press. Information received from General
American Transportation Corporation, the contractor responsible for

the fecal water recovery unit, 1ndicates that the water for the fecal
water recovery subsystem for the Electric Boat project will be obtained
from a distillation unit.

It can be assumed that the odorous, volatile materials and gases pres-
ent 1n feces wlll be carried over 1nto the fecal distillate. These
are indole, skatole, hydrogen sulfide, and methylmercaptan (all highly
odorous); volatile fatty acids, methane, hydrogen, carbon dioxide, and
ammonla with 1ts characteristic odor. It 1s likewlse assumed that
fecal distillate also contains volatile organic acids.

The amounts and kinds of volatille constituents in feces will be depend-
ent on the following factors:

1. Variation among individuals (enzymes, age, frequency of
defecation).

2. Intestinal flora.

3. Dilet consumed.

314




The results of the work at Electric Boat (Steele et al, 1962) lead to
the concluslion that the fecal distlllate to be treated in the fecal
water recovery subsystem 1s a liquld with an extremely unpleasant odor,
slight yellow color, and some slight turbidity. Ammonia nitrogen con-
tent ranged from 31 to 142 ppm and pH from 2.8 to 4.7. Total solids
of a composite sample of fecal diutillate was 72 ppm, and ammonia
nitrogen was 60 ppm. The distillate contained other volatile ingre-
dients of the original feces samples for which analyses were not
performed,

Actual analysls of a sample recelved from General Amerlcan Transporta-
tion Corporation 1s given in Table 9-3 (first line). This water had

a pH of 9.0, contalned 45 ppm total solids, and had a slightly
unpleasant odor.

3-5
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DESIGN STUDY
4.1 GENERAL

This section summarizes the approach and the results of the prior
design study (Steele, et al, 1962).

Numerous methods for water reclamation in a space vehlcle have been
proposed in other studies (Zeff and Bambenek, 1959; Sendroy and
Collison, 1959; Wallman and Barnett, 1959; Hawkins, 1958; Okamoto and
Konikoff, 1962; Brown, et al, 1963). However, for this study con-
sideration was limited to methods in which the state-of-the-art is in
an advanced state of development. The criteria used for selecting
these methods were:

1. Reasonably reliable design data should be avallable.

2. It should be fairly certaln that known contaminants 1n the
waste waters would be removed.

3. No extenslve development program should be required to demon-
strate its feasibility.

Two methods, although considered to meet these criterla, were elimi-
nated from detalled consilderation on the basis of prlor studies for
the reasons stated below.

1. Vacuum (Passive) Distillation -~ This method requires excessive
storage and handling of sponges, and 1s recommended only for
missions of short duration; i.e., a few days (Zeff and
Bambenek, 1959).

2. TFreeze Drying - This method requlres larger heat transfer
areas than any of the distillation methods and, therefore,
the hardware will weigh more than that necessary for distil-
lation (Zeff and Bambenek, 1959; Wallman and Barnett, 1959).



" Based on the above considerations, the design analysis was limited to
four methods:

1. Vacuum distillation with pyrolysis of vapor.

2. Vapor compression, with either a) post-treatment of condensate,
or b) pyrolysis of vapor.

3. Multi-filtration; 1.e., adsorption and lon exchange.

L, Electrodialysis comblned with adsorption.

In comparing these four methods, penaltles must be assigned for any
power that the method uses. This is best done by using a weight
penalty factor; 1.e., converting the power requirement to an equivalent
welght for the power source. Similarly, a penalty factor must be used
for any cooling (heat rejection) required. For purposes of this study,
the following factors were used:

Power penalty - 300 1b/kw
Heat rejection penalty - 0,01 1b/Btu/hr

The design calculatlions were made, initially, on the wash water re-
covery subsystem. Thls subsystem was selected for the initlal study
on the basls that i1ts waste water contailned the highest concentration
of impurities and would, therefore, be the most difficult to purilfy.

It was assumed that the wash water subsystem would process a 12-1b
batch of water in 10 hours. The selectlion of 10 hours operating time
per day was purely arbitrary; however, 1t was a reasonable compromise
between 24 hr/day, which would not allow any time for clean-up, main-
tenance, or contingencies, and 1 hr/day, which would unnecessarily
penallze all systems with respect to size and weight. In any case,
the qualitative ratings of the four methods studled should remaln the
same, as long as the same operating time per day 1s used for each,

Containers for storing the dirty wash water and treated water were
not included in the deslign comparison. Obvliously, these contalners
are necessary, but since they are common to all four methods, they




will effect each method equally. This means that the "terminals" of
each flow sheet willl be the points at which the water enters and exits
the system.

4.2 DISCUSSION OF CALCULATIONS FOR WASH WATER SUBSYSTEM
The following discusslons summarize the design calculations made 1n
the prior design study report (Steele, et al, 1962).

4.,2.1 Vacuum Distillation with Pyrolysis of Vapor
This system consists of a vacuum still, a catalytic pyrolysis chamber,
a condenser, a feed pump, and two heat enconomizers. A technlcal

description of this process with regard to such detaills as catalyst
composition and bed temperature was reported by Okamoto and Konikoff
(1962).

Electrical energy was assumed as the source of heat for the vacuum
distillation system, The power required for thls process (assuming
negliglble heat losses) was found to be quite large (1203 Btu/hr)
giving rise to a high power penalty (106 1b).

Attempts to decrease the power-welght penalty by different arrangements
of the evapbrator, pyrolysis chamber, and heat economizers showed that
only a small fraction of the latent heat of vaporization can be re-
covered as sensible heat for raising the temperature of the feed. The
106 1b taken as the power penalty 1s the minimum that can be assumed
and agrees closely wilith the 105 1b calculated by scaling down (from 9
to 1.2 1b/hr) a larger vacuum distillation unlt operated by Okamoto

and Konikoff.

One possilble method for eliminating the high power penalty caused by
the use of electrilcal energy in the evaporator 1s to utlllze excess
cabin heat (metabolic heat and heat glven off by electrical equipment).
This could be accomplished by lowering the distillatlon temperature to
about 100°F and uslng the warm glycol fluld as a heat source before it
1s sent to the space radiator. Use of this energy 1s "free" since this



waste heat is rejected to space. Utilization of this waste heat,
however, was not allowed for the current design study.

4,2,2 Vapor Compression Distillation

The vapor compression cycle differs from vacuum distillation in that
the heat evolved by the (compressed) condensing vapor 1s utilized to
evaporate the feed. In the vacuum dlstillation cycle all the heat
required for vaporization must be supplied from an outside source.
Two alternate methods of post-treatment were considered; 1) catalytic
pyrolysis of vapor, and 2) filtration of condensate through activated
carbon and lon exchange resin.

Equipment necessary for a vapor compressilon-pyrolysls system conslsts
of a centrifugal evaporator-condenser, a vapor compressor, two pumps,
two heat economizers, and a pyrolysls chamber. The same equlpment,
with the substitution of 1lon exchange and actlvated charcoal beds for
the pyrolyslis chamber and heat economizer make up the vapor compressilon
system with flltration of condensate.

4,2.3 Multi-filter System
Impurities 1n wash water can be classified into four groups:

1. particulate matter,

2. organic compounds,

3. 1inorganic compounds, and

4, miéro—organisms.
For removal of these impurities, the multi-filter system consists of
a filter, an activated carbon bed, and an ion exchange resin bed.

An advantage of the multi-filter system 1s that 1t can be operated
equally well under normal gravity or weightless conditions. Distllla-
tion on the other hand, requlres centrifugal force or caplllary action
for phase separatlion under weightless conditions,

Activated carbons are generally efficlent for adsorption of organic
materlals. Small organic molecules and dilssociated compounds are less

T



neasily adsorbed than are heavy hydrocarbons. Dissociated compounds

(usually inorganic) are, on the other hand, removed by lon exchange
resins, The phenomenon of lon exchange can be defined briefly as,
"the interchange of lons between a solid material and a 1iquid."

The use of low flow rates (1.2 1b/hr) assumed for the other processes
was employed in the multi-filter process. Two major advantages can
be obtained by using low flow rates in this process, namely, low pres-
sure drops through the filters and adsorption beds are realized, and
close to equilibrium adsorption capacities are attained on granular
activated carbon.

Because of the uncertalnties with regard to removal of contaminants
from a complex mixture, 1t was decided to calculate the resin and
carbon requirements by two methods; 1) from loading factors reported
in the literature along with the impurity compositlon summarized in
Section III, and 2) from experimental results with a laboratory multi-
filter (Steele, et al, 1962).

4.2.4 Electrodialysis with Adsorption
Electrodialysis is a method for transferring ions from one solution

into another solutlon, using membranes positioned between the two
solutions. The solutlons and membranes are placed between two elec-
trodes in a d-c¢ circult. Two types of membranes are used; one has a
positive, fixed, lonic charge and will repel cations but will permit
passage of anions; the other membrane has a negatlve fixed charge,
repels anions, and allows the passage of cations. '

The net result of electrodialysis is similar to that of an ion exchange
process. The principal difference between the two processes is the two
sources of energy. Electrodialysis requires electrical energy, whereas
ion exchange derives 1ts energy from the chemicals used in regeneration.
Economically, electrodialysis lends itself to processing more concen-
trated solutions than ion exchange.



As a unit operation, electrodialysilis 1s well defined and 1s exten-
slvely used on a commercial scale. However, for a complex mixture
containing both organic and inorganic contamlnants, there are several
uncertainties and potential problem areas that can only be resolved
by extended test operation. Some of the uncertalntles are:

1.

Membrane ILife
The anion and cation membranes may be chemlcally attacked
under proposed operatling condltions. It 1s also possible

that the pores may become plugged or fouled by large-slzed
ionic or non-ionic particles,

Resistance of Membranes

As the membrane surface becomes fouled or plugged, or as
ionic concentration at the membrane-solution interface 1is
depleted, the reslstance of the stack lncreases, resulting
in an increase in power requirements. For example, Oda,

et al (1962) in attempting to remove impurities from sewage,
found that detergents of the ABS type caused an appreclable
increase in power requlrement. The actual resistance of the
stack can only be determined by operating data.

Precipitation in Sink
The time between changes of the recycling concentrate solu-
tion 1s determined by the solubility of all the salts formed

in the sink, which is determined by the contaminants 1n the
wash water,

Gassing in Electrode Chambers

Gassing wlll occur at both electrodes unless steps are taken
to prevent it by supplylng a speclal electrode solutlon.
Gassing under zero-gravity conditions would be undeslrable.



5. Extent of Removal of Non-ionics

Electrodialysis will remove none of the uncharged particles
except those that become absorbed on the membranes or plug
the pores of the membranes. O0Oda, et al reported that large
ions, colloidal matter, and uncharged species are not re-

- moved appreciably from sewage solutions. Electrodialysis
depends, therefore, on a pre-treatment of the wash water to
remove non-ionic contaminants and large ions. , Brown, et al,
1963, reported that activated carbon pre-treatment, wf&g‘;;
without addition of urease, was required for purification of
urine by electrodialysis.

The electrodlalysis system is comprised of the stack, requlred replace-
ment stacks, pumps and drives, concentrate tank, and recycle tank. It
was assumed that the membranes would have a l1life of 6 weeks and the
stack would be replaced as a unit,

4,3 SUMMARY OF RESULTS FOR WASH WATER SUBSYSTEM

A summary of the estimated welght and rellability ranking for each of

the processes investigated (Steele et al, 1962) 1s given in Table 4-1,
The rellability rankings were qualitatively determined on the basis of
probablility of breakdown. The factors 1nvolved were:

1. The number of rotating machinery components.
2. The number of electrical or electronic parts.

3. The number of components subjJect to degradation or fallure
such as the electrodialysis membranes and the hlgh temperature
catalyst.

The two processes which are ranked most desirable from the standpoint
of welght and reliabllity are the multi-filter system and the elec-
trodialysis-adsorption system. It is believed that the higher relila-
bility of the multi-filfer system overrides the estimated 17 1b weight
advantage of the electrodialysis-adsorptlion system. The latter system
requlires pumps, electrical controls, and membranes that are subject to
fallure; there are also some technical uncertainties as pointed out in
paragraph 4.2.4, The multi-filter system was therefore recommended for
the wash water subsystem.

4-7



TABLE U4-1

SUMMARY OF RESULTS FOR WASH WATER SYSTEM
(ONE YEAR MISSION)

Estimated Weight (1b)
Power Plus Relia-
Cooling bility

Process Hardware | Chemicals | Penalties Total | Ranking¥
Vapor Compression
with Pyrolysis 62 - 79 141 IIT
Vapor Compression
with Adsorption 52 7 43 102 II
Vacuum Distillation
with Pyrolysis 40 - 117 157 IT
Multi-filter 18 68 - 86 I
Electrodialysis
. wlth Adsorption 24,5 34.0 10 69 11

*Ranking of I indicates highest relative reliability, III lowest

relative reliability.

4.4 FECAL DISTILLATE SUBSYSTEM

The major ilmpurities 1in fecal distillate are volatile substances such
as ammonia and other odoriferous materials, and constituents which
cause color. It is reasonable to assume that since these impurities
are found 1n the distillate from the fecal distillation, they would
be carried over 1in a second distillation. Distillation by itself can
therefore be eliminated from further consideration.

It 1s belleved that vapor pyrolysls would be effectlve 1n removing odor
and color bodies from fecal distlllate. For a vapor pyrolysis process,
the 1liquid would have to be vaporized and the resulting system would
therefore be identical to the vacuum distillation-pyrolysis or vapor
compression-pyrolysis system consldered for wash water.

4-8




" Activated carbon and ion exchange resin were found to be effective in
removing both the color and odor from fecal distillate. It was decided,
therefore, to briefly compare these two schemes, namely distillation-
pyrolysis and the multi-filter, for the fecal water subsystem.

4,41 Multi-filter System
A multi-filter system wlth activated carbon and lon exchange resin was
tested with fecal distillate and found satisfactory for 564 ml of ef-

fluent (Steele, et al, 1962). Breakthrough was not observed for either
odor or color.

The actlvated carbon and lon exchange requlrements for a l-year missilon
were calculated by scaling up amounts used in the laboratory system.
Using a safety factor of 1.2, the carbon weight comes to 11.7 1b/yr

and the resin welight comes to 5.1 1b/yr.

The distillate from an efficient distlllation should not contain par-
ticulate matter, However, a filter was incorporated in the system in
order to remove any sollds that might be carried over by entrainment.

The estimated weight of a multi-filter system for fecal distillate is
22.7 1b. This estimated weight, as for the wash water subsystem, is
based on periodic replacements of sealed carbon and resin containers.

4, 4,2 Distillation-Pyrolysis System

Since the amount of fecal distillate to be purified 1s only 1 1lb/day,
an assumptlion of 10 hours processing time would result in a smaller
distlillation-pyrolysis system than for the wash water system. There
are several reasons why the welght of a distillation-pyrolysis system
for the fecal dlstillate cannot be estimated by making a direct scale-
down on the basls of the relative flow rates. These include:

1. Compressor and pump power penalties would not change appre-
ciably since most of the power consumed for these low flow
rates is due to frictional losses and the weight:power ratio

increases as the power output decreases.
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2. The ratio of external surface area:volume increases as the
flow rate decreases; therefore, heat losses from the pyrolysis
chamber and heat economizer are proportionally higher,

3. The instrumentation welght is the same, regardless of flow
rate. ‘

4, Compressor and motor weights would not change appreciably for
the small sizes required.

It 1s felt that even 1f a welght of 20 1b for a distillation-pyrolysis
system for fecal distillate could be achieved, there are several ad-

vantages to the use of the multi-filter system for fecal distillate,
including:

1. The laboratory multi-filter has been demonstrated to success-
fully remove the contaminants from fecal distillate.

2. The multi-filter system is much more reliable than either of
the distillation-pyrolysis systems because of 1ts lack of

moving parts, electrical requirements, and high temperature
operation.

4.5 HUMIDITY RECOVERY SUBSYSTEM

It was concluded 1n Sectlon III of thils report that water collected
by the alr dehumidifiers would be potable, except for the possible
presence of pathogenic micro-organisms and a slight odor.

Because of the low impurity level of the air-condltioning condensate,

a change of phase treatment 1s not warranted. Bacterla removal can be
effected by membrane filters or by high surface area cartridge filters.
Cartridge filters are preferred because of thelr high capacity and low
pressure 4rop.

Odor and color removal can be accomplished by passing the condensate
through a bed of activated carbon., The total welght of the dehumidifi-
cation system, including filters, carbon, canisters, and mounting was
estimated to be 10 1b.

4-10



4,6 DISCUSSION OF MULTI-FILTER SUBSYSTEMS

Laboratory tests and design calculations have shown that the adsorption-
lon exchange scheme 1s preferable to distillation processes for puri-
fying the waste waters considered. These results are contrary to
conclusions made by previous investigators who were interested in the
purification of urine (Zeff and Bambenek, 1959; Wallman and Barnett,
1959)., This difference in findings is obviously due to the fact that
the solute concentration in the most contaminated of the three waste
waters considered in this report (dirty wash water) 1s lower than the
solute concentration of urine by a factor of 30 (0,16% for wash water
compared to 4.8% for urine),.

Length of mission 1s, of course, a significant factor in the choice of
process. If a 2-year mission 1s assumed, the welght of the multi-
filter process (wlthout regeneration of carbon or resin) would be
almost doubled; the welights of the elecfrodialysis-adsorption and
vapor compression-adsorptlon systems would be increased somewhat,
whereas the weights of the distillation-pyrolysis systems would be
virtually unchanged. For a mlssion shorter than one year, the multi-

filter system and other processes employlng adsorbents would be lighter
and even more desirable.

Larger crew sizes (using more than 12 1b of wash water per day) would
tend to decrease the relative weights of the distillation processes in
comparison to the adsorption processes., This is due to the fact that
the hardware welght and heat losses of a distillation system are pro-
portionally less (per unit of water purifled) for higher capacities.
Of course, the converse appllies for smaller crew sizes.
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Vv
PRELIMINARY WATER TREATMENT EXPERTIMENTS

5.1 GENERAL

Various methods of water reclamation, and design calculations for
these methods, have been discussed in the preceding sections. In
order to obtain necessary additional deslgn data and to demonstrate
the feasibility of the multi-filter concept for wash water and fecal
distillate water, a limlted experimental program was undertaken
(Steele, et al, 1962).

In this program, various constituents of wash water and fecal distil-
late which could be organoleptically or chemlcally determined were
used as 1ndications of effective treatment wlith activated carbon and
ion exchange resin.

Loading factors were first determined, and an attempt was made to
select the most efficlent activated carbon and the quantity of carbon
and resin required. Iaboratory models of the multi-filter were then
constructed and tested under continuous flow conditions.

5.2 WASH WATER TREATMENT

Benzalkonium chloride (BAC) and urea were chosen as indicators of
activated carbon treatment for wash water. BAC was used because 1t
was added to wash water 1n amounts of 0.05%. Urea was selected since
it 1s one of the major constituents of perspiration and, therefore,
was present 1n wash water 1n significant amounts.

The type of lon exchanger was chosen as a result of surveylng avall-
able commerclal resins. Calculations for amount of resin were based
on compositlon of wash water given 1n Zeff and Bambenek (1959).

Carsten (1952) reported removal of urea from urlne using a strongly
acld cation exchanger. A few prelimlnary loading tests 1ndicated
promising results and a modest experimental program was undertaken to
check adsorption characteristlics of selected ilon exchangers.
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Steele, et al (1962) give detaills of various loading tests and describe
the testing of a laboratory model multi-filter for wash water purifi-
cation. This laboratory model successfully purified used wash water,

The following lon exchange resins and carbons were also evaluated for
urea adsorptlon:

Ilon Exchangers

Duolite C-3 catlon exchanger, hydrogen state (Diamond Alkali)

Duolite C-20 polystyrene catlon exchanger, sodium state (Diamond
Alkalil)

Ionac C-111 (Ionac Chemical Co.)

Ionac C-110C (Ionac Chemical Co.)
Ionac C-110N (Ionac Chemical Co.)
Amberlite MB-3 (Rohm and Haas Co.)

Activated Carbons

Permutit Carbo-Dur (The Permutit Co.)

Darco G-60 (Atlas Chemlcal Industries)

CAL (Pittsburgh Chemical Co.)

PCB (Pittsburgh Chemical Co.)

BPL (Pittsburgh Chemical Co.)

JD-1 (Barneby-Cheney Co.)

JE-1 (Barneby-Cheney Co.)

GI (Barneby-Cheney Co.)

Coconut activated charcoal (Fisher Scilentific Co.)

Of the above carbons and exchangers, CAL carbon and C-3 resin showed
the most promise in batch loading tests.

BAC was removed efficilently by both carbons and lon exchange resins.

5.3 FECAL WATER TREATMENT

Fecal distillate has a most dlsagreeable odor and also contains ammonia
(and other volatiles). To demonstrate the feaslibility of the multi-
filter process for conversion into suiltable wash water, loading tests
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were undertaken with activated carbon and resin using a composite
fecal distillate sample, GH-2 carbon and MB-3 resin were found to be
the most efficient adsorbers of impurities in fecal water. A labora-
tory model of a multi-filter system was constructed and tested. This
multi-filter system adequately purified fecal distillate and the efflu-
ent collected met drinking water standards (Steele, et al, 1962),
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VI
DISCUSSION OF ACTIVATED CARBON

AND ION EXCHANGE RESIN

6.1 THEORY

6.1.1 Activated Carbon
Activated carbons are adsorbents made from various raw materials

Including coal, wood, petroleum coke, shells of nuts, and animal bones.
They are used as flne powders and as granular particles (the powders
are usually used 1n batch processes whereas the granular carbons are
employed in flow processes). Carbons are usually actlvated commer-
clally with hot alr, high temperature steam, or by heating in furnaces.

A general theoretical treatment of activated carbons is given by
Grant (1961).

Adsorption occurs by two mechanisms, both of which operate in activated
carbon adsorption. They are:

1. Van der Waal's adsorption, whereby the adsorbents (substances
adsorbed) are held by relatively weak forces similar to the
physical forces causing the condensation of a vapor.

2. Chemisorption, whereby definite (relatively strong) chemical
interaction between the adsorbate molecules and the surface
molecules of the adsorbent occur.

Generally, actlvated carbons are good for adsorbing nonpolar organic
substances but are poor adsorbents of lnorganic electrolytes,

The property of actlivated carbon to adsorb relatlively large quantities
of organic liquids or gases 1s due to the high surface area of the
carbon particles. Most of this surface area 1s present in the inner
structure of the particles avallable through the network of macroscopic
and mlcroscopic pores contalned in the particles. The microscopic
pores or "micropores" contribute most of the surface area avallable

for adsorption and are largely a product of activatlon.
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The adsorptive capacity of an activated carbon for a particular sub-
stance depends on the "pore size distribution" or amount of surface
area for pore openings of various diameters. (The diameter of the
mlcropores must be similar in dimenslon to the diameter of the adsorb-
ent molecules for the carbon to accommodate these molecules.) 1t 1s
also dependent, to some extent, on the chemical nature of the adsorbent
surface. Actual capacities for particular substances are not wildely
published and must, in most cases, be determined experimentally. In
some cases, one type of carbon may be sufficient for removing several
impurities from a fluid with a complex of impurities, but in other

cases it may be better to use more than one type of carbon for such a
task.

Activated carbons are traditionally specified for elther liquid or

gas phase application. These classiflications are based chiefly on
past uses of carbons with comparatively large pore sizes for water
purification (e.g., most water treatment carbons are used for removing
color bodies which are large organic molecules) and carbons with rela-
tively small pore slzes for gas purification. However, the traditional
gas purlficatlon carbons have been found to be effective 1n removing
odors and other impurities from waste waters.

6.1.2 TIon Exchange Resin

Ion exchange resins are insoluble hydrocarbon polymers to which active
aclildlc or basic groups can be attached. Ion exchange takes place when
ions in a liquld solution are interchanged with lons attached to the
resin, The process 1s reversible so the resin can be regenerated.

The chemlcal nature of ion exchange resins is determined by the nature
of the attached lonlzable groups. Four major types of lon exchange
resin are commercially avallable; namely, strongly and weakly acidic
cation exchangers and strongly and weakly basic anion exchangers,
Natural ion exchangers, known as zeollites, are commercially avallable
but are lower in capacity than the synthetic resins.




Ion exchange resins are used for a variety of applications including
transformation of lonic constituents, fractionation of ionic substances,
concentration of ionic substances, and removal of ionic substances.

For separating dissolved salts from solution, cation and anion exchange
resins can be used in separate beds in series or in a mixed bed. If
the interchangeable lons on the cation and anion exchangers are gt and
OH~™ respectively, the overall result of removing a salt from solution
i1s 1Interchanging HY ions for the cation of the salt and OH- ions for
the anions of the salt, resulting in the production of water. This 1is,
of course, a deslrable result when purifying waste waters for re-use.

It is posslble, 1n some cases, to lncrease the capacity of lon exchange
resins (on a volume or welght basis) by pretreatment. For example, in
the case when 1t 1s desired to remove NaCl (this 1s the case for purifi-
cation of dirty wash water) or other soluble chlorides from solution, a
strong cation exchange resin pretreated with a solution of AgNO, 1is
believed to be efficlent in removing the salts (Knnin, 1962). The
active lon on the cation exchange resin, in this case, 1s the silver
lon which comblnes with the chlorine of the dlssolved chloride to glve
silver chloride which precipitates. The cation of the dissolved salt
(e.g., Nat) takes the place of the silver ion on the resin, Even though
this technique seems very desirable at first consideration (since no
anlon exchange resin 1s requlired), there are problems that must be
solved before use of the "silver salt" catlon exchange resin can be
made. These are:

1. The precipitated silver chloride can appear in the effluent
from a column with this resin (Kunin, 1962).

2. Addltional reslin beds must be used for separating out other
inorganic impuritles not forming insoluble silver salts.

3. It 1s possible that the precipltated silver salt would block
some of the pores of the resin making it impossible to approach
theoretlical capaclty.
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An experimental program aimed at solving these problems would be use-
ful in determining the practicability of the use of the "silver salt"
technique.

©.2 CARBONS AND RESINS USED IN SUBSYSTEMS

6.2.1 Wash Water Subsystem

Pittsburgh type CAL activated carbon was chosen for the wash water
subsystem on the basis of 1its comparatlvely high capacity for benzal-
konium chloride and urea. The ion exchange resins chosen for the wash
water system were Rohm and Haas IR-120 strongly acidic cation exchange
resin followed by Rohm and Hass XE-168 weakly basic anion exchange
resin, This comblnation was recommended by Rohm and Haas to glve a
higher capaclty on a welght basis than a single mixed bed or strongly
acldic catlon and strongly baslic anion exchange resins 1n series. 1In
addition to the Rohm and Haas IR-120 and XE-168, a bed of Duolite C-3
cation exchange resin was 1Included for removal of urea not adsorbed by
the activated carbon. The Duolite C-3 1s followed by a bed of Rohm
and Haas XE-168 in order to adjust the pH of the final effluent (see
Section IX). The quantlties of cation and anlon exchange resins used
were determlined by the operating capacltles for these resins.

6.2.2 Fecal Water Subsystem
The activated carbon 1Inltially selected on the basis of laboratory
tests for use in the fecal water subsystem (Barnebey-Cheney GH-2) was

avallable for purchase on a 60-90 day delivery only and consequently
could not be used. Barnebey-Cheney Type KE-1 was chosen as an alterna-
tive on the basis of batch loading tests with type JE-1. (Types KE-1
and JE-1 are the same carbons except for mesh size.) The lon exchange
resin selected for the fecal water subsystem was Rohm and Haas MB-1
monobed.

6.2.3 Dehumidification Water Subsystem
Barnebey-Cheney Type KE-1 (the same carbon as that used in the fecal
watcr subsystem) was chosen for the dehumlidification water subsystem.
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A summary of the activated carbons, lon exchange resins, and filter
elements used for the three subsystems is shown 1n Table 6-1.

6.3 LOADING OF CANISTERS

Before loading canisters with activated carbons, the carbon was blown
free of dust particles with air, The carbon was loaded into the can-
isters in the dry state, the canister belng tapped often to fill any
volds., Because of the presence of appreciable amounts of soluble
salts in the Barnebey-Cheney KE-1 (see Section IX, paragraph 9.2),
canisters loaded with this carbon had to be washed free of salts with
de-lonized water and then dried. Dacron felt pads were placed at the
ends of the carbon and resin canisters as liquid distributers and also
to keep carbon and resin particles from passing into the effluent
stream.

Ion exchange resins were loaded into the canlsters in the wetted state.
Fach bed was packed tightly with a wooden plunger before the following

bed was loaded.
-
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VI1I
CORROSION STUDIES

7.1 GENERAL

Aluminum alloy (type 6061) was used as the basic construction material
for the canisters and filters (see Section VIII). This material was
selected to minimize the welght of the subsystem. Various preliminary
corrosion tests were run to conflrm the sulftabllity of this material.

7.2 ALUMINUM IN CONTACT WITH WASTE WATERS

Test strips of 6061 aluminum alloy were partially immersed in untreated
fecal distilllate and dirty wash water to determine whether or not the
metal would corrode when 1n continuous contact with these waste waters.
After one month's time, no corrosion or pitting was visible on either
sample and no welght loss occurred. Surface dlscoloration did appear
on the sample lmmersed in fecal distillate, but i1t was not indicative
of any unusual corrosion. '

7.3 CORROSION TESTS WITH WASTE WATERS, CARBONS, AND RESINS

Even though the samples of aluminum immersed in waste waters showed
no slgns of corrosilon, a prototype carbon canister rinsed out with
water, drained, ground open, and left open for a few weeks did show
some slight localized pitting. It was decided, therefore, to conduct
corrosion tests on aluminum samples immersed in carbons, resins, and
waste water to duplicate operating condltions. The results of these
tests are shown in Table 7-1.

Aluminum strips approximately 1" x 2" x 0.025" were first polished
with 400 and 600 grailn emery to remove any films or oill which may
have coated the aluminum. All samples were tested for two periods

of at least 48 hours. Corrosion rates were calculated and found to
be moderately low (from 1 to approximately 10 mils penetration/yr).
Metals with corrosion rates of 2-20 mils/yr are normally rated "good."
For the 1 to 6-month service anticipated for the carbon and resin
canisters, the calculated rates of corrosion can be considered
acceptable.




Some slight pitting was observed along the interface of samples 4, 6,
and 9 and slight pitting occurred on the top half of sample 9. Cor-
rosive coatings were removed by either rubbing off or by using 400
grain emery. It can be concluded from these tests that limited cor-
rosion occurs on 6061 aluminum alloy immersed completely in waste
waters with carbons or resins, and slight pitting can occur on alumi-
num in the presence of damp carbon.

7.4 CORROSION TESTS ON COATED ALUMINUM

A set of accelerated tests was made to determine the effectiveness of
various coatings in protecting aluminum. The tests were made with
anodized samples and vinyl and epoxy coated samples, the latter two
pre-treated as shown below:

Vinyl Coating
1. Cleaned with isopropanol; deoxidine and alodline preparation.
2. Navy formula 117 and 120 vinyl coatings.

Epoxy Coating

1. Cleaned with isopropanol; deoxidine and alodine preparation.
2. Devran 204 (Devoe and Raynolds) epoxy coating.

Each type of sample was immersed in the following ion exchange resins:
Rohm and Hass IR-120, XE-168, MB-3, and Duolite C-3.

The samples were examined after 65 hours of contact. The anodized
samples showed no significant improvement as compared with uncoated
aluminum. The vinyl coated samples with deoxidine and alodine
surface preparation gave the highest overall resistance to attack.
Five of the reslin canisters were thus vinyl coated. The coated
canisters and the canisters left uncoated can be observed at a later
date to determine whether or not any serious corrosion occurs in
actual use.
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VIII
HARDWARE DESCRIPTION

8.1 CANISTERS AND FILTER HOUSINGS

Aluminum and transparent plastic were considered as possible materials
of construction for the lon exchange resin canlisters and for the filter
housings. Transparent houslings would allow use of a color-indicating
lon exchange resin and would allow vlisible inspectlon of the filter
element, to determine the point of exhaustion. Calculatlons showed
that the use of plastic for these canisters and filter houslings would
increase the total welght of the three subsystems by about 7 1b over
that of aluminum. It was therefore decided to use aluminum for con-
struction of these contalners as well as.for fabricating the carbon
canisters. The thickness of the carbon and resin containers (0.025")
is sufficlent for them to withstand a pressure differential (internal
or external) of 15 psig.

Welding, dip brazing, and the use of an epoxy-aluminum adhesive (80%
aluminum and 20% epoxy) were three canister fabrication techniques
considered. The epoxy-aluminum mixture was ellminated from further
conslderation since it is not consldered to be as reliable as welding
(the strength of the bond 1s markedly dependent on proper etching of

the aluminum and on proper application of the adhesive). Dip brazing,
although felt to be an effective method for bonding aluminum, was not
used slnce 1t involves relatively high temperatures and this process
could not be used in the final seal joint enclosing ion exchange resin
or a pleated cartridge filter. Therefore, hellarc welding was used.

In order to protect the resins and filter cartridges from excessive
heat, an extended Jjolnt deslign was used and all containers were lmmersed
in water approximately 1/2" from the top brim when making the final

seal weld. Inspectlion followlng sectioning of a prototype resin canlster
and fllter sealed in thls manner showed that no damage occurred.




"Details of the carbon (and resin) canister are shown in Figures-8-1,

8-2, and 8-3. Detalls of the filter are shown in Figures 8-4 and 8-5,

8.2 MOUNTING SUPPORTS

Three alternate designs considered for mounting supports for the can-
isters are shown below. Comments indicating the reason for selectlon
or rejection of design are lncluded.

8.2.1 Alternate Mounting Support Designs

Design Comments
1. Spring clamps 1. Springs strong enough to support
the canisters would be very stiff
and make "zero g" mounting
difficult.

2. Use of metal straps 2. Supports 1n addition to straps
needed. Manual mounting diffi-
cultles anticipated.

3. Beveled canister 3. Believed to be the most rellable
retainers mounted and llghtest support.
on aluminum channel
frame,

The beveled canister retalners mounted on an aluminum channel frame
were adopted for mounting of the three subsystems. Figures 8-6, 8-7,
and 8-8 show the three mountings with canisters. Sealed connections
between canisters were made with 1/4-inch, transluscent polypropylene
tubing using aluminum connectors lncorporating a round knurled nut and
aluninum insert (see Figures 8-2 and 8-3).

Polypropylene tubing was chosen because of its excellent physlcal and
chemical properties including 1ight weight, abrasion and corrosion

resistance, lack of odor and taste, plus the fact 1t is easlly worked.
Tubing connectors were used rather than quick-disconnect fittings since
the latter spill small quantities of liquid when disconnecfed and they
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(AND RESIN) CANISTERS

FIGURE 8-2 COMPONENTS OF CARBON
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are relatively heavy. Each mounting has a spare position with supports

to be used when changing canisters and/or filters.

8.3 STORAGE RACKS

Storage of spare canisters and filters for the l-year mission is pro-
vided for in racks made of thin-wall aluminum tubing (1/4" 0.D. x 0,48"
wall and 1/2" 0.D, x 0.49" wall) welded together. Nylon straps with
brass grommets and snaps hold the canisters 1n place. (A welght savings
could be realized with alumlnum grommets and snaps instead of brass,

but these were not available at time of fabrication.) Figure 8-9 shows
the finlshed storage contalners with spare canisters and filters.

8.4 NOTATION

A1l canisters and filters were stenciled with black ink to identify

the contents. The first letter 1indicates whether the contalner holds
activated carbon (C), lon exchange resin (R), or a filter cartridge (F).
The remalning letters denote what system or systems the canlster or
filter should be used 1n. (In emergencies the different canisters and
filters may be interchanged, see Section X.) Arrows specify the direc-
tion of flow where necessary. Table 8-1 is a list of the notations
used.

TABLE 8-1
NOTATION ON CANISTERS AND FILTERS

Notatlon Deflinition

C-W Activated carbon for wash water subsystem.

C-FE/D Activated carbon for fecal water or dehumidification

water subsystem.

R-W Jon exchange resin for wash water subsystem.

R-FE Jon exchange resin for fecal water subsystem.

F-D Filter (bacterial) for dehumldification water subsystem.
F-W/FE Filter for wash water or fecal water subsystem,

8.5 SYSTEM WEIGHT SUMMARY
Design of the water reclamation hardware was made with minimizing weight
as a primary objective. A summary of the measured welghts 1s given 1in

8-3
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"Table 8-2. It should be noted that the storage container weights are

somewhat high because of the use of brass grommets and snaps. It is
also possible that the welghts of carbons and resins are high, since
the number of spares 1s based on conservative calculations. Ultimate
capaclties of the carbons and resins can only be determined by extended
tests 1n space simulators.

Figure 8-10 shows the estimated weights of the three multi-fillter sys-
tems for different mission lengths, The estimated weights are based
on the quantities of waste waters assumed in the design of the sub-
systems (see Section II). These quantities of water are obviously for
a three or four-man crew, It should be noted that all resin welghts
include some water as 1t must be mailntained in a molst condition.
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TABLE 8-2

SUMMARY OF ACTUAL SUBSYSTEM WEIGHTS

(ONE_YEAR MISSION)

Wash Water Subsystem

Activated carbon
Carbon containers (13)
Jon exchange resin
Resin containers (12)
Flilter elements &123
Filter housings (12
Fasteners and mounting
TOTAL

Fecal Water Subsystem

Activated carbon
Carbon containers (5)
Jon exchange resin
Resin containers (2)
Filter elements i23
Filter housings (2
Fasteners and mounting
TOTAL

Dehumidification Water Subsystem

Activated carbon

Carbon containers (2)

Fllter elements g&

Filter housings (4

Fasteners and mounting
TOTAL

Storage Containers

Carbon canister storage contalner
Resin canister storage contalner
Fllter storage container

TOTAL

GRAND TOTAL OF THREE SUBSYSTEMS AND
STORAGE CONTAINERS

Welght (1b)

28.5
7.41
hg,2 *
6.84
2.45
2.28
3.42

100.1

Wo oW
=W 00N
N O &= OV

:

5.28
1.14
0.84
0.76
1.32
9.3k

145.2

*The ion exchange resin welght for wash water is somewhat high (by
about 2.9 1b) because of water left in the container due to rinsing.
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iX
TESTING OF SUBSYSTEMS

This section describes test results with the subsystems as finally
designed. Because of the limited quantitles of waste water avallable
and because of limited time, extended testing could not be undertaken.
However, the test results obtalned do show that the treated water from
each subsystem meets the required specifications. Frequency of canis-
ter replacement was not determined experimentally, but was calculated
from theoretical consideratlons and from prior laboratory results.

The numbers of spare canisters and filters provided for each subsystem
1s glven 1in Table 6-1. Canister and filter 1life for the wash water
subsystem 1s expected to be 1 month. Life expectancy for canisters in
the other two subsystems varies from 3 to 6 months. Since replacement
frequency 1is highly dependent on composition of the waste waters, can-
ister 1life can best be determined in extended tests wlith manned space
simulators,

9.1 WASH WATER SUBSYSTEM

Steele, et al (1962) carried out preliminary loading tests using carbon
and resin to determine the most effective multi-fllter system for wash
water reclamation. They also tested benzalkonium chloride (BAC) as a
washing (and antiseptic) agent.

For evaluating the wash water subsystem, a concentration of 0.05% BAC
was chosen as the washing agent. About 12 1b of used wash water from
three volunteers were treated in the wash water subsystem and the clean
effluent collected. Four pounds of this effluent were used for all
subsequent testing. This clean effluent was solled by daily bathing,
purified in the subsystem, and re-used through filve complete cycles.
Small quantities of water were removed for samples and thls loss was
corrected by adding used wash water before recycling. The flow rate

of the wash water was malntained at approximately 10 ml/min., (1.3 1b/hr)
resulting 1n a pressure drop of 0.5 to 2 psig. An occaslonal l1ncrease




" in pressure drop was observed and found to be due to air trapped in
the carbon canisters. Occasional depressurization of the feed tank
was necessary to prevent continued increase 1n pressure drop.

9.1.1 Analytical Test Methods

A "Photovolt" pH meter was used for determining the hydrogen lon
concentration,

A "Solu Bridge" with a dip-type conductivity cell manufactured by
Industrial Instruments, Inc. was used for the conductivity measurements.

NH4+, ci™, 804'", and urea were determined qualitatively as follows:

€1~ - Silver nitrate test solution

804 - Barium chloride test solution

NH4+ - Nessler reagent

Urea - hydrolysis with urease, then addition of Nessler reagent

Benzalkonium chloride (BAC) - "pHydrion" paper QT-10 for testing
quaternary compounds colorimetrically by comparison with color chart.

Chemical Oxygen Demand (COD) - Rapid method of Porges, et al (1960)
was used.

Total sollds - gravimetric method by evaporating water at 10500 until
constant welght.

9.1.2 Difficulties Encountered

Preliminary tests were made 1in a laboratory model of the wash water
subsystem to confirm effectiveness of the scheme of beds of cation and
anlon exchange resins as originally designed. It was found that the
effluent water had pH's of 3.1 and 3.4 and 1t was therefore necessary
to remove part of the Duolite C-3 (included for adsorption of urea)

and replace it with Rohm and Haas XE-168 anion exchange resin. Testing
of the effluent water from thils ilmproved setup gave the followling
results:

9-2




pH - 7.6

Specific conductivity - 26 micromhos/cm

Odor - slightly resinous (from ion exchange resin)
C1™ - negative

Urea -~ negative

This scheme resulted in a satisfactory pH, and resin canisters were

reloaded accordingly (layer of IR-120, then XE-168, C-3, and XE-168
at end).

A carbon canister (CAL carbon) was flushed with de-ionized water; the
conductivity of the effluent was 52 mlcromhos/cm and the pH was 10.0.
After steeping overnight, the conductivity of the effluent was 95. It
was not thought necessary to wash this carbon as the effluent was equal
to Groton tap water in conductlvity, and in actual practice the resin
canister downstream would remove the small amount of salts glven up by
the carbon. However, in future practice pre-washing with de-lonized

water and drying of the carbon 1s recommended to remove all soluble
matter.

In initial testing of the wash water system, several problems occurred.
Effluent was found to gilve a positive test for BAC and NHM+' The 1ni-
tial effluent was colored slightly yellow. There was also pronounced
taste and odor in the effluent water. These difficultles were traced

to the resin canister and more closely to the XE-168 resin and Dacron
felt at the downstream end, and to the particulate filter. XE-168
contains tertiary amine functional groups and gave a positive test for
BAC and NH4+ due to impurities in the resin which disappeared on washing.
It is possible that even though the canlisters were immersed in water
during the final weld, a limited amount of overheating may have occurred
in the vicinity of the Dacron felt or resin. The breakdown of the felt
and/or resin would contribute color. Any damage that might have occurred
to the contents due to heat or welding was obviously limlted, since only
a small amount of effluent was discolored and the canisters subsequently
purified used wash water satisfactorily. The Pall particulate fllter
released considerable odor and taste to water being passed through, and
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showed slightly positive when subjected to a test for NHﬁ. The filters

had to be washed free of the odor (due to a plasticizer used in the end-
seal) with hot water (150°F to 170°F) and vacuum dried at 70°C. Pall
Corporation stated that the plasticizer contamination was due to a
manufacturing difficulty and it would not occur in future shipments.

When the two carbon canlsters 1n the wash water recovery system were
dismantled after testing and the water was blown out, a slight odor of
HQS was evlident. Subsequent testing of thils water from the carbon
canlsters with lead acetate paper did not give a positlve test for HQS
and the characterlistic odor of HQS disappeared immediately. It is
belleved that the odor threshold for HQS is more senslitive than the
lead acetate paper qualitatlive test. The HQS is probably evolved from
bacteria on the carbon acting on the wash water after the BAC (anti-

septic) has been removed. This point requires further investigation.

9.1.3 Results and Dlscussion

The results of testing the wash water recovery subsystem are shown in
Table 9-1. The questionable positive test for NH4+ has been dlscussed
above and the taste and odor contamination from the filter have also
been explalned.

A recovery efficlency of 99.0% was calculated for the wash water system.
This efficiency was calculated on the basis of the amount of water
remaining in the activated carbon, ion exchange resin, and filters after
these canisters were drained of water with an aspirator. Excess water
can also be drained out by blowing air through the canisters. ILosses
due to evaporation were not taken into conslideration since this water
would be recovered by the dehumidification system in a space cabiln,

In a review of the chemical composition of sweat, Robinson and Roblnson
(1954) reported that sulfates were present (4 to 17 mg/100 ml). It is
interesting to note that no sulfates were found in the wash water at
Electric Boat. This indlcates that sulfates were absent from the
perspliration of our three subjects.
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'9.1.4 Conclusions and Recommendations
The tests on the wash water subsystem indicate that not only did the
unit yleld water sultable for use as clean wash water, but also the

effluent water after five cycles apparently met the U. S. Public Health
Servlice drinking water standards (1962).

For future work it is recommended that the carbon canisters be thoroughly
flushed with de-lonized water (to remove any salts) and subsequently be
sterilized and dried 1n a hot alr oven at 13000. The resin canlsters

should also be flushed with de-ionized water to remove impurities which
caused false tests.

9.2 DEHUMIDIFICATION WATER SUBSYSTEM

Dehumidification water for testing the system was procured from the
space cabin simulator at Wright-Patterson Air Force Base and from the
nuclear submarine SSB(N)602. The simulator water had an "organic" odor
which was not unpleasant., The submarine water had a strong, unpleasant
odor due to the smoking and cooking, etc. and would serve as an example
of heavily contaminated dehumidifiication water. The waste waters were
passed through the subsystem at a flow rate of 10 ml/min. giving a pres-
sure drop of from 0,5 to 0.9 psig., ‘

9.2.1 Analytical Test Methods

Methods used are gilven under "Wash Water Subsystem" paragraph 9.1.1.
Total bacterlal counts and colliform counts were carried out using the
Millipore Filter Technique given in APHA publication "Standard Methods
for the Examination of Water and Waste Water" (1960). Ammonia test
solution was used for testing for the presence of aluminum,

g,2.2 Difflculties Encountered

In preliminary tests of this system, the flirst 250 ml of effluent had

a conductivity of 45,000 micromhos/cm due to the impurlties in the
carbon, To eliminate the Impurities, the carbon canlsters were flushed
with de-ionlzed water until the conductivity reading was below 20
micromhos/cm. The carbon canister was then filled with de-ionized water
and ailowed to equilibrate for 2 hours or overnight. If the conductivity




reading rose, the washing and equilibrating was continued until the
reading was below scale (20 micromhos/cm). The canisters were then
dried in a hot air oven at 13000. Three periods of washing and three
periods of equllibration were necessary to thoroughly flush carbon
canlsters free of soluble impurities. In future work the carbon used

should be thoroughly washed, elther by the manufacturer or before
loading into the canisters,

9.2.3 Results and Discussion

The results of testing recovered water from the space simulator and
submarine dehumldification system are shown in Table 9-2,

Recovered simulator water was free of ammonium lons, whereas recovered
submarine water was not. Ion exchangers added to the system would
ilmprove the quality of the water recovered from the heavily contami-
nated submarine dehumidification system and also remove the NH4+. The
submarine water, after treatment, had about five times as much organic
matter as the treated simulator water. It would be interesting to
check submarine dehumidificatlion water from a crew of non-smokers as
i1t 1s believed that the heavy load of impurities in the dehumidifica-
tion water 1is largely due to smoking by the crew.

The COD of recovered submarine water seems high. (Groton tap water

has 170 ppm; special laboratory sewage effluent* has about 1000,) It

is surmised that thils high value 1s due to small volatile organic
molecules not adsorbed by the carbon. The total solids values of both
original and recovered waters were low and are indlcative of non-volatile
constituents. The total sollds values were essentlally unchanged by the
multi-filter treatment. The conductivity value of the treated submarine
water (200 micromhos/cm) was higher than treated simulator water (65) and

Groton tap water (95), but additional treatment with lion exchange resin
would remedy this. '

*A special sewage effluent from a hilghly concentrated human waste
treated 1in a laboratory activated sludge digestor had a COD value
of about 1000.
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" A recovery efficiency of 99.5% was calculated for the dehumidification

system. Calculations were made on the basls of assumptions described
in paragraph 9.1.3.

9.2.4 Conclusions and Recommendations

The space cabin simulator water which would more closely resemble actual
space conditions was most successfully recovered and no modificatlons
are necessary in thils system based on the tests conducted.

The recovered dehumldification water from both the space simulator and
submarine were palatable and the multi-filter system operated success-
fully. The recovered simulator and submarine waters apparently meet
the standards for potable water.

Simulator recovered water 1ls of higher quality than submarine recovered
water. Further study of the recovered dehumldification water from the
submarine would be interesting. Gas chromatography might assist in
identifying contaminants and long-term feeding studies with an}mals
would check for possible toxicity due to residual contaminants re-
sulting from smoking by the crew. The positive test for NHﬂ+ in sub-
marine recovered water 1s not considered serious, as treatment with

ion exchange resin would remove this contaminant.

9.3 FECAL WATER RECOVERY SUBSYSTEM

Thé'initial design for this fecal water recovery system, based on
loading tests and column operation with carbons and resins, is given
in Steele, et al (1962). The fecal water used for testing this system
was obtained from the MRD Division, General American Transportation
Corporation, Niles, Illinois. This water was prepared by distillation
of feces and subseguent "light" treatment with activated carbon re-
sulting in a product of slightly unpleasant odor.

KE-1 carbon, as used for the dehumidification water subsystem, and

MB-1 lon exchange resin were selected for this unit. Glass columns,

1" I.D., were used instead of the actual subsystem since the amount of
fecal water available for testing was too small. The carbon was packed
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*into a column 23.5" long and the resin packed into a column 12" long.

A flow rate of 90 ml/hr was used, resulting in a pressure drop of 0.5
psig across the system. (Thls flow rate gives the same bed veloclty
as the designed rate for the subsystem,)

9.3.1 Analytical Test Methods
The methods used for testing fecal water are the same as those used
for wash water and dehumidification water.

9.3.2 Difficulties Encountered

The soluble sollds were flushed out of the carbon canisters before
testing using the method outlined under dehumidification water; however,
a sultable method had not been developed at this time for removing
impurities from the filter elements so that contaminants as NH4+ and
odor from the filter (the effluent was not tasted) were present in the
fecal effluent. The manufacturer's recommendation for removing impuri-
ties from the filter element by alr purging was ineffective. As noted
previously, 1t was later found that continuous flushing with hot water
(150o - 170°F) for about 3 days was necessary to remove traces of odor
and flavor imparted to the water.

9.3.3 Results and Discussion

The results of the test program for the fecal water subsystem are gilven
in Table 9-3. The reason for odor in the effluent and the questionable
positive test for NH4+ are explained above and were due to contamination
from the filter. A recovery efficiency of 96.0% was calculated for this
system,

The quality of the water recelved from General American Transportation
Corp. 1s superior to the quality of water used during the design study
phase of this program, and the amounts of carbon and resin supplied in
this subsystem will probably be much more than required for a l-year '
missilon.

It was expected that coliform bacteria (as well as other micro-organisims)
would 'be absent or low in the feed water since they would be destroyed
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‘during the distillation procedure in the production of the fecal water

from feces., This was found to be the case.

9.3.4 Conclusions and Recommendations

The fecal water subsystem furnished water of high quality. Thils water
would not only be suitable for washing, but, based on the results
obtalned, would also probably be suitable for drinking (water was not
actually tasted).

Proper prewashing and drying of both the carbon and the fllter (or
improved manufacturing methods) as mentioned previously, 1s necessary
to remove contaminants from these materilals.

I
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X
OPERATION OF SUBSYSTEMS

10.1 GENERAL

The multi-filter subsystems are relatively simple to operate. The
fecal water and wash water subsystems are arranged with two carbon
canlsters in series, followed by an lon exchange resin canlister and
a particulate fillter. The dehumldification water subsystem consists
of a carbon canister and a bacterlal filter in series.

Zero "g" operation would differ from 1 "g" operation only in the design
of the feed and recelving tanks. For zero "g" operation, tanks could
be made with diaphragms backed up with springs or compressed alr,
Plexiglass tanks were furnished for laboratory or simulator test pur-
poses and are convenlent in that the contents (volume and appearance)
of both the feed and treated water can be seen at all times. Flow
rates can be estimated by measuring the level change per unit of time.

10.2 OPERATING PROCEDURE
The following sequence 1s recommended for operatlon of all subsystems:

1. Make all connections between subsystems and tanks as indicated
in Figure 10-1 and Figure 10-2.

2. Turn both valves to OFF position and f11ll1 feed tank with
waste water. (The system may also be prefilled with tap
water to prevent initial by-passing). ’

3. Turn on compressed air (controlled at 1 psig) to pressurize
feed tank. ’

4. Turn both valves to PROCESS position and allow water to flow
through the subsystem until it appears in the treated water
(or receiving) tank.
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Air purge line from compressed air supply
Sample line

Compressed air supply
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(10) Filter

(11) Replacement canister
(12) In valve

(13) Out valve

FIGURE 10-1 CHANGING CANISTERS ON THE WASH WATER SUBSYSTEM




COMPRESSED
. AIR SUPPLY
PQESSLéEE . T T
VENT :
L O
_:__' N T T T LT J
- WASTE S
WATER
TANK
RECLAIMED
WATER
TANK
DRAIN
PROCESS
PROCESS LINE
LINE }
T T
TWO -WAY
SAMPLE
LINE N ‘('3:#)5 TWO-HAY, Ne AR PURGE
{ {
| (N) |
f
: |
|
SUBSYSTEM
{
|
|
!
__ _ i
ftgsux e /0-2

AHOW DIAGRAM —WASTE WATER RECOVERY
BY MULTIFILTRATION




6.

Meter water through subsystem at fthe followling approximate
rate:

Wash Water Subsystem - 9 ml/min.

Dehumidification Water Subsystem - 6 ml/min,

Fecal Water Subsystem - 2 ml/min,

The flow rate can be controlled by adjusting the feed tank
alr pressure (between O - 2 psig). If 1t is found difficult
to obtain a steady flow rate, then vary the restriction of

the OUT valve until a satisfactorlly steady flow rate is
obtalned. (Note: Flow rate for any subsystem 1s not critical.
The system was deslgned to treat the dally waste water in 10
hours but will work equally well at double or half this rate.)
In using alr pressure in the feed tank, 1t may be necessary

to occasionally depressurize the system to release alr trapped
in the canisters. An alternate method of controlling flow 1s
to apply a partial vacuum (O - 2 psig) to the receiving tank
instead of applyling ailr pressure to the feed tank.

The OUT valve, SAMPLE position can be used at any time to
obtailn a "grab" sample of the treated water.

The following procedure 1s recommended for changing canisters:

1.

2-

Turn both valves to OFF position and depressurize the feed
tank.

The AIR PURGE 1line should be connected to the compressed air
supply (controlled at O - 2 psig). Turn IN valve to AIR PIRGE
position and then turn OUT valve to PROCESS position. Allow
water to drailn out of the system. (Note: Under welghtless
conditions, the system could be emptled by using water directly
for washing; 1.e., with OUT valve in SAMPLE position treated
water can be run directly into sponge or wash-cloth.)

When subsystem is empty, turn both valves to OFF positilon,
disconnect tubing and replace canisters (see Figure 10-1).
Carbon canisters should be replaced counter currently, that
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1s, upstream canister should be removed, downstream canlster
moved to the upstream positlion, and a new canister should be
placed in the downstream position., Used canisters should be

inverted in the storage rack to 1indilcate that they are
exhausted. (See Table 8-1 for canister notations.)

Provision has been made 1n each subsystem for the temporary storage
of one large and one small canister. This 1s designed to facilitate

canister changing under zero "g'" conditions. The followlng sequence
should be followed when changlng a canlster:

1. Place new canister in temporary storage position and clamp in

place. (Canister lips should engage clamps approximately the
same distance at both ends.)

2. Disconnect tubing from canister to be replaced.
3. Transfer caps from new canister to used canister.

4. Remove used canister and place in storage rack in inverted
position. Canisters are secured in the storage rack by a
nylon strap. The free end of this strap is inserted 1in the
corner space and s1id into place between canister and tubular
frame, pulled taught, and snap fastened.

5. Move new canister to operating position.

6. Connect tubing.

In emergencies, carbon canisters and resin canisters can be interchanged
between subsystems; 1.e., resin canisters designated for the wash water
subsystem can be used in the fecal water subsystem, carbon canisters
designated for use in the dehumidification water subsystem can be used
in the wash water subsystem, and so on. Interchanging of this sort 1is
possible since the different ion exchange resins have the ability to
remove inorganic salts and all the carbons remove organlc compounds.

The different carbons and resins selected are, of course, most effectlve
in the subsystems for which they are designated
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X1

CONCLUSIONS

From a weight and rellability analysis of the five processes
studied, it was concluded that the multi-filter system and the
electrodialysis-adsorption system were the most desirable. The
welghts of these two systems were estimated to be lower than for
any of the distillation schemes studled. The multl-filter scheme
was recommended for all three subsystems on the basis of 1ts high
reliabllity, simplicity, and zero power requirement.

The three multi-filter subsystems were tested and found to gilve
recoveréd water of the required quality. The dehumldification
water subsystem produced potable water from alr-conditioning con-
densate obtained from a space simulator. The wash water subsystem

and the fecal water subsystem both produced water sultable for use
as wash water.

The actual welghts of the multi-filter subsystems for a l-year
mission are:

Dehumidification Water Subsystem - 9.3 1b
Wash Water Subsystenm - 100.1 1b
Fecal Water Subsystem - 28.9 1b
Storage racks for space canisters - 6.9 1b

These welghts are not minimum and could be reduced by further
design and development.

The frequency of canister replacement, and hence subsystem welghts,
are highly dependent on the composition of the waste waters, Canis-

ter 1ife can best be determined by test operation in a manned space
simulator.
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Based on the amount of water remalning in the subsystems, the fol-
lowing water recovery efficlenciles were calculated:

Dehumidification Water Subsystem - 99.5%
Wash Water Subsystem - 99.0%
Fecal Water Subsystem - 96.0%

Rigid specifications and careful quallty control are required to
prevent contamination of the treated water with the carbon, lon
exchange resin, or filter elements used.

Four 1b of wash water were found to be sufficient for bathing
purposes and it 1s felt that even a lesser amount might be
sufficlent. Wash water contamination was not found to vary
appreciably with frequency of bathing. Therefore, it can be
concluded that clothing absorbs a good proportion of the substances
excreted through the skin.
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XIT
RECOMMENDATIONS FOR FURTHER STUDY

Laboratory tests should be run with a sllver-activated lon exchange
resin for possible reduction in resin requirements for the wash
water subsystem.

Test procedures should be established and a "zero g test kit"
developed for measuring the quality of the recovered water from
each of the subsystems.

Tests should be run wlth exhausted activated carbon to determlne
the feasibility of reactivatlon, using high vacuum with or without
heat.

The wash water subsystem should be tested on a recycle basls for
1 to 2 months to determine the frequency of canister replacement
and the rate and type of impurities that bulld up.

The capacities of the three subsystems should be determined 1in a
manned space simulator by running each to the breakthrough point.

Additional corrosion tests should be made over a several month
period to establish the necessity of coatlng the alumlnum and
select an optimum coating. Polyethylene liners are suggested as
a silmple means of preventing the possibllity of any pittilng.
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